Ras proteins exert a pivotal regulatory function in signal transduction involved in cell proliferation and their activation mutation leads to malignant cell transformation. However, the role of Ras proteins in autophagy, an intracellular protein degradation process in cell growth control is unknown. In the present study, we demonstrate that the degradation of long-lived proteins in NIH3T3 cells in response to nutrient starvation was significantly suppressed by oncogenic RasVal12 transformation in a rapamycin (mTOR inhibitor)-sensitive manner. Morphologic observations also show the decrease in the formation of autophagic vacuoles upon the Ras transformation. Furthermore, epidermal growth factor or serum downregulated the protein degradation induced by serum starvation and the dominant-negative RasAsn17 mutant counteracted this suppressive effect, indicating that Ras mediates the growth factor downregulation of autophagy. The suppression of protein degradation by the activated RasVal12 was mediated by the class I phosphatidyl inositol 3-kinase (PI3-kinase), but not either or Raf Ral GDS. Consistent with this, RasVal12 and class I PI3-kinase inhibited the rate of autophagic sequestration of LDH. These data suggest that Ras plays a critical role as a negative regulator for nutrient deprivation-induced autophagy through the class I PI3-kinase signaling pathway.
Introduction
Autophagy is a critical process responsible for degradation of the cytoplasmic components, in which the autophagosome sequesters these materials and subsequently fuses with the lysosome, resulting in degradation of the contents by lysosomal hydrolyses in both yeast and mammalian cells (Dunn, 1994) . Autophagy is considered to be important for organelle renewal, cell survival during nutrient deprivation, and cell differentiation (Dunn, 1994) . As for the signaling pathways leading to formation of autophagosome in mammalian system, class I PI3-kinases function antagonistically at different stages of autophagy (Petiot et al., 2000) . The class III PI3-kinase [PI3-kinase(III)] that produces phosphatidylinositol 3-phosphate [PtdIns(3)P], accelerates the production of autophagic vesicles probably at trans-Golgi network. Conversely, the class I PI3-kinase [PI3-kinase(I)] that generates phosphatidylinositol 3,4-bisphosphate [PtdIns(3,4)P] or phosphatidylinositol 3,4,5-triphosphate [PtdIns(3,4,5)P] negatively controls autophagy. Regarding the phospholipid signaling pathway, Beclin-1, associated with PI3-kinase(III) (Kihara et al., 2001) , promotes autophagy and can function as a tumor suppressor in breast cancer cells (Liang et al., 1999) . Furthermore, another tumor suppressor PTEN, as the dual protein and phosphoinositide phosphatase, accelerates autophagy by inhibiting the Pl3-kinase-AKT/PKB-dependent pathway (Arico et al., 2001) . Recent studies indicate that the mammalian kinase target of rapamycin (mTOR) negatively controls autophagy as a downstream target for AKT/PKB in response to amino acids (Sluijters et al., 2000; Oldham and Hafen, 2003) . It is known that insulin and EGF can suppress the process of autophagy, which degrades proteins under poor nutritional conditions (Blommaart et al., 1997; Franch et al., 2001) . Similarly, downregulation of autophagy including the decreased rate of cellular protein degradation is frequently detected in cancer cells (Schwarze and Seglen, 1985) . These observations implicate the negative regulatory effects of growth stimulation on autophagy. However, the precise intracellular mechanism for this biological process is unclear.
Ras functions as a molecular switch linking growth factor receptor tyrosine kinase activation to downstream cytoplasmic or nuclear events through three major effectors: Raf, PI3-kinase(I), and RalGDS (RodriguezViciana et al., 1997) . While the biological roles of Ras in cell proliferation, differentiation and oncogenesity have been extensively studied, its relation to autophagy during cellular stress remains unknown. In the present study, we addressed a question as to how the Ras signaling pathway is involved in the control of autophagy. We found that the activated Ras attenuated protein degradation upon nutrient-deprivation in a rapamycin-sensitive manner, and that this suppressive effect by Ras was transmitted to PI3-kinase(I) but not Raf or RalGDS. In addition, Ras mediates growth factor-induced suppression of the protein breakdown. These results reveal a novel biological role of Ras in the signaling mechanism of mammalian autophagy.
Results and discussion
In order to investigate whether Ras affects autophagy, we have first examined the effect of the activated RasVal12 expression on the degradation of long-lived proteins. Cells were metabolically labeled with [ 35 S]methionine and cysteine, chased with unlabeled methionine and cysteine for 12 h, and serum-and amino-acid starved for 4 h prior to the measurement of degraded proteins present in the culture medium. As expected, the level of protein degradation was increased in control vector-transfected NIH3T3 cells in response to starvation, while the extent of stimulation was reduced in the RasVal12-transformed NIH3T3(Ras/ NIH3T3) cells (Figure 1 ). In order to examine whether protein degradation is an indirect indicator of autophagy, NH 4 Cl which inhibits lysosomal proteases by alkalinizing lysosomes (Ohkuma and Poole, 1978) and a proteasome inhibitor, MG-115 (Z-Leu-Leu-Leu-H) were tested for the ability to inhibit nutrient deprivation-induced protein degradation (Rock et al., 1994) . The level of protein degradation in the NH 4 Cl (20 mM)-pretreated NIH3T3 cells (1.5770.12%) was decreased as compared to that in the untreated cells (3.2270.39%), while that in MG-115-pretreated cells (2.5970.24%) was almost the same as that in the untreated cells. These results suggest that at least the observed protein degradation is due to lysosomal protein degradation but not proteasome degradation. To further confirm this biochemical observation of autophagy, the formation of autophagic vesicles was analysed by electron microscopy following maintenance of cells under either normal growth or nutrient starvation conditions. The autophagic vacuoles are defined as a double-membrane vesicle to sequester cytoplasmic components and rough endoplasmic reticulum, which has been used as a morphological indicator for autophagy (Dunn, 1990) . Nutrient deprivation increased the volume density of autophagic vacuoles in NIH3T3 cells. In contrast, significantly fewer cells with autophagic vesicles were seen in starved Ras/NIH3T3 cells (Figure 2a, b) . Moreover, the labeling density for cathepsin D in lysosomes fused with autophagosomes at the late stage (Yokota et al., 1993) was decreased in NIH3T3 cells upon starvation, as detected by immunoelectron microscopy using antibodies to cathepsin D, a marker for lysosomes (Figure 2c, d) . However, significant changes in the labeling density following starvation were not detectable in Ras/NIH3T3 cells. Under the basal condition, the cathepsin D labeling density of Ras/NIH3T3 cells was lower than that of NIH3T3 cells. The exact reason for this is not clear at present and it may be because the biosynthesis of cathepsin D is reduced in Ras-transformed cells. Together, these data support the view that the activated Ras has a suppressive effect on nutrient deprivationinduced autophagy.
Specific growth factors have been known to suppress autophagy such as proteolysis of cellular proteins under nutrient deprivation (Ballard et al., 1980) . To determine whether normal Ras mediates this process, NIH3T3 cells were transiently transfected with the dominantnegative RasAsn17 mutant or a control vector. When the control vector-transfected NIH3T3 cells were refed in serum-free medium supplemented with EGF (100 ng/ ml), we observed a decrease in protein degradation (Figure 3 ). By contrast, introduction of RasAsn17 into the cells blocked the EGF-dependent suppression of protein proteolysis (Figure 3) . Similarly, RasAsn17 counteracted the serum-induced inhibition of protein degradation ( Figure 3 ). The data implicate a mediating role for Ras in growth factor-and serum-induced suppression of autophagy.
We next dissected the signaling pathway downstream of Ras that leads to the negative regulation of autophagy. A recent study (Petiot et al., 2000) indicates that PI3-kinase(I) products PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 inhibit autophagy, whereas PI3-kinase(III) product PtdIns(3)P promotes autophagy. Consistent with this, addition of PtdIns(3,4)P 2 or PtdIns(3,4,5)P 3 in liposome form using phosphatidylserine as a carrier suppressed the degradation of proteins in starved-NIH3T3 cells (Table 1) .
By contrast, PtdIns(4,5)P 2 had no inhibitory effect. Conversely, these phosphoinositides exhibited no additive (Table 1 ). This can be attributed to the increased phosphoinositide turnover and synthesis in Ras oncogene-transformed cells (Fleischman et al., 1986; Kamata and Kung, 1988) . Based on these results as well as the notion that PI3-kinase(I) transmits activation signals as one of Ras effectors in cellular processes like membrane ruffling (Rodriguez-Viciana et al., 1997), we reasoned that PI3-kinase(I) could mediate the inhibitory effect of Ras on starvation-induced protein degradation. To test this possibility, Cos cells were transfected with various partial loss-of-function mutant Ras proteins that distinguish between the effector pathways downstream of Ras. As shown in Figure 4 , RasVal12Y40C, that activates PI3-kinase(I) only, prevented the serum-and amino-acid deprivation-induced degradation of proteins. In contrast, neither RasVal12D38E, that activates Raf only, nor RasVal12E37G, that activates RalGDS only, blocked the protein degradation. The data suggest that PI3-kinase(I) but not either Raf or RalGDS was required to control Ras-dependent suppression of autophagy. Consistent with this observation, forced expression of the dominant active catalytic subunit p110 of PI3-kinase(I) alone suppressed the starvation-induced degradation of proteins in Cos cells ( Figure 5 ). Pretreatment with a MAPKK inhibitor, PD98059 had no appreciable effect on the reduced protein degradation in nutrient starved Ras/NIH3T3 cells (Figure 6 ), which indicates that the Ras-Raf-MAPKK-MAPK pathway is not engaged in the control of autophagy.
In order to assess the involvement of Ras in autophagy, the rate of sequestration of the cytosolic enzyme LDH into autophagic vesicles, which has been utilized as a parameter of autophagy (Houri et al., 1995) , was studied with NIH3T3 cells. While an increase in the LDH sequestration was observed in untreated cells upon starvation, this sequestration was impaired in cells transfected with either the dominant active Table 2) . EGF treatment of cells showed a blocking effect on the sequestration as seen with the activated Ras. These results are in agreement with the data obtained from protein degradation assay described above. 3-Methyladenine (3-MA), which inhibits the formation of autophagic vacuoles and PI3-kinase(III) (Seglen and Gordon, 1982; Blommaart et al., 1997) , also suppressed the sequestration steps in NIH3T3 cells, but had no additive effect on the decreased sequestration in RasVal12Y40C-transfected NIH3T3 cells. Thus, the Ras-PI3-kinase(I) signaling pathway could be essential for 3-MA-sensitive autophagic sequestration. The additional support for the Ras-involvement in autophagy comes from the following observation. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) involved in glycolysis is known as a classic substrate for autophagy (Franch et al., 2001) . When the abundance of immunoprecipitable cellular GAPDH was examined in a pulse-chase experiment, the rate of degradation of GAPDH was significantly decreased upon starvation in Ras/NIH3T3 cells as compared to that in NIH3T3 cells (Figure 7) .
We next intended to determine whether mTOR participates in the Ras-mediated inhibition of autophagy, because mTOR plays a central role in nutritional controls including autophagy and ribosome biogenesis depending on mitogen and amino-acid availability. Amino acids block autophagy through activation of the mTOR activity, and rapamycin, an inhibitor of mTOR and an anticancer drug potentiates autophagy (Sluijters et al., 2000; Oldham and Hafen, 2003) . Rapamycin treatment stimulated autophagy in NIH3T3 cells in the presence of inhibitory concentration of (Figure 8 ) and, interestingly, reversed the inhibitory effect of RasVal12 on starvation-induced protein degradation in Ras/ NIH3T3 cells (Figure 8) , suggesting that the mTOR signaling pathway is involved in the mediation of Ras effects on autophagy.
In conclusion, our study suggests that the negative signaling control of nutrient deprivation-induced autophagy requires the activity of Ras, and that Ras exerts the suppressive effect through PI3-kinase(I) in response to growth stimulation. Furthermore, this Ras action appears to be mediated by mTOR, which is a key downstream element in the signaling cascade of autophagy. Since PI3-kinase(I) biochemically links to AKT/ PKB protein kinase in suppressing the interleukin-13-dependent autophagy (Liang et al., 1999) , it is possible that AKT/PKB mediates the Ras-PI3-kinase(I) signaling in the negative control of autophagy. In contrast to Figure 7 Comparison of degradation rate of GAPDH between NIH3T3 and Ras/NIH3T3 cells. NIH3T3 and Ras/NIH3T3 were radiolabeled, pulse-chased, and refed with 10% FCS, EGF (100 ng/ ml) or Hanks' solution for 24 h as in Figure 1 . Autoradiogram of lysates after immunoprecipitation with anti-GAPDH is shown. Control indicates the sample right after pulse chasing (Pattingre et al., 2003) . The exact reason for the different observations between two studies is currently unknown. One possibility is that the PI3-kinase (I) pathway and the MAPK pathway exert opposite effects on autophagy, and that Ras influences regulation of intracellular proteolysis through either of these pathways dependent on the cell types. It has been known that autophagy is downregulated in most cancer cells (Schwarze and Seglen, 1985) . Recent studies suggest that cancer cells can be committed to death by a nonapoptotic pathway involving autophagy (Ogier-Denis and Codogno, 2003) . Thus, one explanation for inverse correlation between malignant transformation and autophagy is that reduction of autophagy may benefit the survival of some types of tumors. Whatever the biological relevance, it is noteworthy that the autophagyinducing activity of Beclin-1 is correlated with its ability to suppress tumorigenesis in breast cancer cells (Kihara et al., 2001) , and that PTEN with tumor suppressor function also enhances autophagy by negatively regulating the AKT/PKB signaling (Arico et al., 2001) . In light of the observations that tumor suppressors Beclin-1 and PTEN stimulate autophagy at different stages of autophagic processes and that the loss of these tumor suppressor proteins is the cause for lower rate of autophagy in some types of cancers, our finding that oncogenic Ras suppresses autophagy provides a further support to the idea that a close link exists between the negative control of autophagy and some types of tumor progressions.
Materials and methods

Cells and materials
Cells were maintained at 371C under 5% CO 2 air atmosphere in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (f.c.s.). 
Measurement of the degradation of long-lived proteins
Protein degradation was determined according to the method previously reported (Franch et al., 2001) . Briefly, cells were plated into 35 mm dishes and cultured in cysteine/methionine free media containing 5 mCi L-[ 35 S]cysteine/methionine for 6 h at 371C. Unincorporated radioisotopes and degraded amino acids released from short-lived proteins were removed by rinsing with phosphate-buffered saline (PBS) three times. Cells were then chased with the culture medium containing 10% f.c.s. and 2 mM cold cysteine/methionine. After 12 h incubation, at which time short-lived proteins were being degraded, the chase medium was replaced with the fresh Hanks' medium containing inhibitors or growth factors indicated. The incubation continued for additional hours, depending on the experimental conditions. The medium was harvested and 10% trichloroacetic acid (TCA) was added to each medium. The samples were centrifuged at 12 000 g for 10 min and the acid-soluble radioactivity was measured by liquid scintillation counter. The cells were fixed by adding 1 ml of 10% TCA directly to the culture dishes, washed with 10% TCA and dissolved in 1 ml of 0.2 M NaOH. Radioactivity in the samples was measured. The per cent protein degradation was calculated by dividing the amount of acid-soluble radioactivity in culture medium by the sum of acid-soluble and acidprecipitable radioactivities.
Turnover of GAPDH
After radiolabeling and pulse-chasing as described above, cells (6 cm dish Â 1) were incubated with Hanks' medium with or without 10% f.c.s., EGF(100 ng/ml) for 24 h (Franch et al., 2001) and lysed in lysis buffer (20 mM Tris-HCl pH 7.5, 2 mM EDTA, 1% Nonidet P-40 (NP-40), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg/ml leupeptin, 1 mg/ml pepstatin A). Cell lysates were immunoprecipitated with anti-GAPDH antibodies (Sigma) and immunoprecipitates were analysed by SDS-PAGE (10%) and autoradiography.
Liposome formation
Phosphatidylinositide phosphates (0.1 mg/ml) in the liposome form was prepared by using phosphatidylserine (0.1 mg/ml) as a carrier according to the published method (Petiot et al., 2000) and added to the cells in a nutrient-free medium for 4 h.
Autophagic sequestration of LDH
NIH3T3 cells (6 cm dish Â 1) were transfected with Ras effector mutants and a pcDNA 3.1 control vector. Transfected cells were rinsed three times with PBS and refed by Hanks' solution for 4 h. When required, 3-MA (10 mM) or EGF (0.1 mg/ml) was added to the Hanks' solution. Then, cells were rinsed three times with PBS, harvested, and homogenized in 200 ml of homogenization buffer (10 mM potassium phosphate pH 7.5, 1 mM PMSF, 100 mg/ml bovine serum albumin (BSA), 0.01% Tween-20) by using a glass/Teflon homogenizer. After a postnuclear supernatant was prepared by centrifugation at 300 g for 10 min, the samples were layered on the top of 0.8 ml density cushion of buffered metrizamide/sucrose (10% sucrose, 8% metrizamide, 1 mM EDTA, 100 mg/ml BSA, 0.01% Tween-20/pH 7.5, 1 mM PMSF) and centrifuged at 7000 g for 60 min (Seglen and Gordon, 1982) . The pellet was washed once with homogenization buffer and resuspended in suspension buffer (2 mM Tris-HCl pH 7.4, 50 mM mannitol, 1 mM PMSF). The suspension was sonicated for 20 s and centrifuged for 10 min at 10 000 g. The LDH activity in the supernatant was determined by measuring the oxidation of NADH with pyruvate as a substrate.
Transfection and immunoblotting
Cells were transfected with expression vectors indicated by using LipofectAMINE 2000 according to the company's protocol (GIBCO-BRL). Cells were subjected to measurements of autophagic parameters 36-48 h after transfection. For immunoblotting, cells were solubilized in extraction buffer (20 mM Tris-HCl pH 8.0, 20 mM NaCl, 1 mM PMSF, 0.2% NP-40) and extracted proteins were resolved by SDSpolyacrylamide gel electrophoresis, and the protein blots were probed with appropriate antibodies as described previously (Furuta et al., 2002) .
Analysis of autophagic vacuole formation
After treatment with or without serum starvation, cells were fixed with 4% paraformaldehyde and 1% glutaraldehyde in HEPES buffer for 1 h at 41C, further fixed with 1% OsO 4 solution supplemented with 1.5% potassium hexacyanoferrate(II) for 1 h at room temperature, and embedded in epoxy resins. Ultra-thin sections were cut with an ultra microtome Reichert Ultracut S (Leica, Wien, Austria), stained with lead citrate, and observed with a JEM 1010 transmission electron microscope (JEOL, Tokyo, Japan). For immunoelectron microscopy, cells were fixed with fixative consisting of 4% paraformaldehyde, 0.25% glutaraldehyde and 0.1 M cacodylate-HCl buffer (pH 7.4), and embedded in LR White (London Resin, Reading, England). Thin sections were incubated overnight with rabbit anti-cathepsin D antibodies (5 mg/ml), followed by 15 nm protein A-gold probe (Yokota et al., 1993) . Sections were stained with 2% uranylacetate and lead citrate and examined with a Hitachi H7500 electron microscope (Hitachi, Tokyo, Japan). For analysis of volume density, 9-10 pictures for each sample were analysed by a digitizer tablet and Sigma Scan software (Jandel Scientific: San Rafael, CA, USA). Volume density is shown as the ratio (%) of the area of autophagy to the field (30 mm 2 ). For analysis of labeling density, gold particles located in the areas of lysosomal compartments were estimated by the same way. Labeling density was expressed as the number of gold particles per mm 2 for each compartment.
